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Interconnect RL Extraction Based on Transfer Characteristics of

Transmission-Line

Akira TSUCHIYA ", Masanori HASHIMOTO ™, and Hidetoshi ONODERA ", Members

SUMMARY  This paper proposes a method to determine a single fre-
quency for interconnect RL extraction. Resistance and inductance of inter-
connects depend on frequency, and hence the extraction frequency strongly
affects the modeling accuracy of interconnects. The proposed method de-
termines an extraction frequency based on the transfer characteristic of in-
terconnects. By choosing the frequency where the transfer characteristic
becomes maximum, the extracted RL values achieve the accurate modeling
of the waveform. Experimental results show that the proposed method pro-
vides accurate transition waveforms over various interconnect topologies.
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1. Introduction

According to advancements in LSI fabrication technology,
performance of LSI chips is predicted to improve contin-
uously [1]. As improving the chip performance, on-chip
interconnects become important and accurate modeling of
interconnects is crucial for circuit design. One difficulty
of interconnect modeling is frequency dependency of the
characteristics. Resistance and inductance depend on fre-
quency because of skin- and proximity-effect [2], return cur-
rent distribution [3] and the effect of lossy substrate [4]. In
recent multilevel interconnects, the frequency-dependence
is becoming more and more serious because adjacent and
underlying interconnects increase frequency-dependence of
the interconnect characteristics. In digital circuits, pulse
waveforms are commonly used. The frequency spectrum
of pulse waveforms widely spreads from DC to frequency
several times as high as clock frequency. To model the
behavior of interconnects precisely, designers have to take
the frequency characteristics into consideration. To treat
frequency dependent interconnects, several modeling meth-
ods are proposed [5]-[7]. These frequency-dependent mod-
els improve simulation accuracy and are suitable in the
case that the best accuracy is required, for example sigh-
off simulation. However, in circuit design, the conventional
frequency-independent model has an advantage that there
are a number of techniques and methods developed so far.
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Especially in the early stage of circuit design, quick model-
ing and evaluation are important and the accuracy of sign-
off simulation is not necessary. Circuit design techniques
of interconnects, such as analytical performance estimation,
circuit reduction, buffer insertion and timing analysis, have
been widely studied [2], [8]-[10]. Most of these techniques
assume that interconnects can be modeled as a frequency-
independent RLC ladder circuit. However, how to cope with
frequency-dependency in modeling interconnects as a RLC
ladder has not been studied enough, though its modeling ac-
curacy affects design quality. Therefore developing an accu-
rate modeling technique by frequency-independent model is
indispensable for designing high-performance circuits, and
hence this work focuses on RL extraction at a single fre-
quency.

In this paper, an extraction frequency based on the
transfer characteristic of interconnects is proposed. It is
commonly adopted to determine the extraction frequency
from the shape of an input signal waveform, especially from
the rise time, focusing on the spectrum of the input signal
[2]. This is natural and reasonable to analyze the incident
waveform at the near-end (driver output) of the intercon-
nects. On the other hand, the main interest is the analysis of
the waveform at the far-end (receiver input). As signals are
propagating through an interconnect, high-frequency com-
ponents easily attenuate. The dominant frequency com-
ponents that determine the far-end waveform are different
from those for the near-end waveform. Experimental re-
sults imply that the transfer characteristic of interconnects
is playing an important role in the waveforms at the far-
end of interconnects. From this observation, this paper fo-
cus on the transfer characteristic of interconnects and se-
lect the frequency where the transfer characteristic becomes
maximum as the frequency to use for interconnect RL ex-
traction. A preliminary work is presented in Ref.[11] and
Ref. [11] reports that the extraction frequency based on the
transfer characteristics is suitable for interconnect modeling.
However, the frequency determination method in Ref. [11]
is not practical because it can treat only open-ended uni-
form transmission-lines without branches. If the intercon-
nect is branching or nonuniform, the transfer characteristic
of each segment is different. The proposed method in this
paper gives a respective extraction frequency to every seg-
ment of an interconnect instead of enforcing a single ex-
traction frequency on the entire interconnect. The proposed
method systematically determines the extraction frequen-
cies successively from the sinks to the source by replac-
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ing the downstream interconnect with the equivalent load
impedance. Experimental results show that the equivalent
circuit of interconnects extracted at the proposed frequency
can achieve the most accurate waveform modeling com-
pared with the conventional extraction frequencies. From
experimental results, the maximum errors are below 10%
in signal propagation delay and signal transition time. The
contribution of this paper is that the proposed method pro-
vides a method to determine an extraction frequency and
improves the modeling accuracy of frequency-independent
models.

In Sect. 2, the problems in interconnect modeling are
described. Section 3 explains the detail of the proposed
method. Then experimental results are shown in Sect. 4.
Section 5 concludes the discussion.

2. Problem Description

This section describes the problem discussed in this paper.
First, the frequency-dependence of interconnect character-
istics is shown. Next a conventional extraction frequency is
explained. Then the impact on transient analysis is demon-
strated.

2.1 Frequency-Dependence of Interconnect Characteris-
tics

Frequency-dependence of interconnect characteristics is
mainly caused by skin- and proximity-effect, return current
distribution and the effect of lossy substrate. The charac-
teristics variation is strongly related with the interconnect
structure as well as the frequency. Skin- and proximity-
effects are remarkable on wide and thick interconnects be-
cause skin depth becomes comparable to the interconnect
size in relatively lower frequency. Return current distribu-
tion and lossy substrate also affect the characteristic of inter-
connects. However return current distribution and the effect
of lossy substrate strongly depends on the condition of the
neighboring interconnects. For simplicity, this paper does
not consider the return current distribution and the effect of
lossy substrate.

To demonstrate the frequency dependence of the inter-
connect characteristics, we evaluated an interconnect struc-
ture shown in Fig. 1. The interconnect in Fig. 1 assumes
a co-planar transmission-line in the top metal layer. The
structure and materials of Fig. 1 are based on a 130 nm pro-

Air (k=1.0)
Wy Ws 1um
LG 1 [S] LG Ji7T=lym
S
10um
SiO; (k=4.0)

Si substrate (k=11.9)

Fig.1  Cross section of the interconnect structure under study.
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cess. The material of the metal wire is copper (resistivity
is 2.2 uQ-cm). The thickness of wires T is 1 um and the
distance from the substrate is 10 um. The relative dielectric
constant of the substrate is 11.9, and that of the ILD (Inter-
layer dielectric) is 4.0. The conductivity of Si substrate is
Zero.

We evaluate the interconnect characteristics by a field-
solver [12]. The width of the signal wire W is 4 um, the
width of the ground wires W, is 10 um, and the spacing be-
tween wires S is 2 um. Figure 2 shows the result. In this
case, the resistance increases by 38% from DC to 10 GHz,
and the inductance decreases by 14% from DC to 10 GHz.
The resistance and the inductance start changing at rela-
tively low frequency of 1 to 2 GHz, and thus frequency-
dependence is not negligible to model interconnects in cur-
rent high-performance circuits any longer.

2.2 Conventional Extraction Frequencies

In digital circuits, a trapezoidal pulse that contains mul-
tiple frequency components is a common waveform. To
model long interconnects that have transmission-line char-
acteristics, an RLC ladder circuit as Fig.3 is used. This
ladder model cannot consider the frequency-dependence
of interconnect RL values. In order to derive frequency-
independent model of Fig. 3, a single extraction frequency
has to be chosen.

There are several representative frequencies of periodic
pulse waveform. One of them is significant frequency [2].
The significant frequency fig is expressed by signal tran-
sition time ¢, and defined such that the signal energy from
DC to fi, becomes 85% of all signal energy. In the range
7 < Ty/t, < 13 where Ty, is the pulse width, f;, is given

by 0.34/t. [2]. On the other hand, DC is often used for
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Fig.2  Frequency-dependence of resistance and inductance. (co-planar
structure, signal line width Wy = 4 um, ground line width Wy = 10 um,
spacing § = 2 um)
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extraction. Reference [13] concludes that the extraction at
DC is accurate enough to estimate signal propagation de-
lay and overshoot/undershoot. DC extraction is acceptable
when frequency-dependence is weak, e.g. for narrow inter-
connects or in low frequency. However as shown in the next
section, interconnect modeling at these frequencies causes
error in evaluating the propagation waveform.

2.3 Interconnect Models and Their Impact on Waveform

Generally, interconnects in VLSIs are expressed by lumped
RLC for circuit design. As explained in the previous
section, the frequency-independent RLC ladder circuit in
Fig.3 is used to model on-chip interconnects. A num-
ber of frequency-dependent models are proposed [S]-[7].
In this paper, the model of Ref.[7] is used as a golden
frequency-dependent model. It is implemented in HSPICE
[14] as w-element model. Although frequency-dependent
models such as Ref.[7] can provide accurate waveforms,
the frequency-dependent model does not tell the designers
which frequency component is important in circuit design.
Conversely, if it is known which frequency component dom-
inantly forms and affects the waveforms at the far-end, it is
not necessary to use the frequency-dependent model. How-
ever the frequency spectrum spreads widely and depends on
circuit behavior and interconnect characteristics, and hence
it is difficult to specify the most representative frequency
from the frequency spectrum. The goal of this research is to
determine the representative frequency for modeling inter-
connects at a single frequency.

Figure 4 shows the impact of frequency-dependence
on transient analysis. The simulated circuit is shown in
Fig. 4. The interconnect shown in Fig. 2 is driven by a volt-
age source and a resistor Ry that correspond to a CMOS
driver whose output impedance is 150€Q. The solid line
labeled “FD” shows the voltage waveform at the far-end
by the frequency-dependent model. In this paper, the label
“FD” is used as the abbreviation of “Frequency-Dependent
model.” The dashed lines labeled “DC” and “f,” are the
results of frequency-independent models shown in Fig. 3.
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Fig.4  The impact of frequency-dependence on transition waveform. (in-
terconnect structure is shown in Fig. 2, Ry = 150 Q)
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“DC” means the RLC ladder model extracted at DC, and
“fsig” corresponds to RLC extraction at the significant fre-
quency. The number of ladder is 51. As you see, both wave-
forms of the conventional frequency-independent models
(“DC” and “fs”) are far from that of frequency-dependent
model (“FD”). We evaluate the modeling accuracy in the
signal propagation time and the signal transition time. The
signal propagation delay means the time interval from 50%
of the input transition to 50% of the output transition. The
signal transition time means the time required to change
the output voltage between the 20% and 80% of the sup-
ply voltage. In the signal propagation delay time and the
signal transition time, the errors of “DC” are —28% in de-
lay and —13% in transition time. The errors of “f;,” are
19% in delay and 10% in transition time. When R and
L are extracted at DC, the extracted resistance is too low,
and, the resistance extracted at significant frequency is too
high. From the above observations, it is expected that a cer-
tain frequency between DC and significant frequency pro-
vides the waveform that is close to the waveform of the
frequency-dependent model. If the representative frequency
can be determined systematically, the modeling accuracy of
the frequency-independent model can be improved by using
the representative frequency as the extraction frequency. In
the following section, the way to determine the representa-
tive frequency to model interconnects at a single frequency
is discussed.

3. A Method to Determine an Extraction Frequency

This section proposes a method to determine the representa-
tive frequency for interconnect RL extraction. The proposed
method determines the extraction frequency focusing on the
transfer characteristic of interconnects. First the transfer
characteristic of transmission-lines is explained. Then the
detail of the proposed method is described.

3.1 Transfer Characteristic of Transmission-Lines

The basic idea of our method is to choose the frequency
where the transfer characteristic becomes maximum. The
nature of the transfer characteristic of interconnects can be
derived from transmission-line theory. For simplicity, an
uniform transmission-line shown in Fig. 5 is discussed. The
characteristic impedance is Zy, the propagation constant is
v, the length of the transmission-line is / and the velocity of
electromagnetic wave is v. The velocity v is equal to ¢/ /&,
where c is the velocity of light in vacuum and &; is the rela-
tive dielectric constant of insulator. The load impedance Z;

Zo Y
l
Vin b= S Vou| [1Z,
Je,

Fig.5 Transmission-line with impedance load.
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Fig.6  Transfer characteristic of a transmission-line with 5 mm long.

is connected to the far-end of transmission-lines. The volt-
age Vi, and V,; mean the voltage at the near-end and that at
the far-end respectively.
According to transmission-line theory, the voltage and
the current at the position x is expressed as [15]
V(x) = V(0) coshyx — ZyI(0) sinh yx 0
I(x) = —%?) sinhyx + I(0) cosh yx.
The position x = 0 is the input side, and the position x = [
is the output of the transmission-line. Since the output of

the transmission-line is terminated by the impedance Z;, the
boundary condition is expressed as

V() = ZI(). (2

From Egs. (1) and (2), the voltage transfer characteristic
Vout/Vin 1s expressed as

Vou V(1) _ 1
Vin  V(O)  coshyl + % sinhyl’

3)

y = R +jwL) (G +jwl).

where R, L, G, and C are the resistance, the inductance,
the shunt-conductance, and the capacitance per unit length
of the transmission-line respectively. Figure 6 shows an
example of the transfer characteristic of an open-ended
transmission-line. The transmission-line shown in Fig. 1
with Wy = 4 um, Wy = 10 um, and § = 2 um. The frequency
characteristics are extracted by a 2D field solver and the in-
terconnect is modeled by the frequency-dependent model
[7]. When the transmission-line is open-ended, the transfer
characteristic V,y/Vi, becomes maximum where the quar-
ter wavelength 1/4 is equal to the line length /. This nature
is used for quarter wavelength transmission-line resonators.
In this case, the resonance frequency fis where Vou/Vin
becomes maximum is v/4] = 1.5 x 108/(4 x 5 x 1073) =
7.5 GHz.

This transfer characteristic affects the waveform at the
far-end of transmission-lines. The frequency components
near the resonance frequency tend to appear at the far-end.
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Fig.7  Frequency spectrum of waveform at the far-end.

On the other hand, the frequency components near the an-
tiresonance frequency hardly affect the waveform at the far-
end. Therefore the frequency spectrum at the far-end de-
pends on the input pulse and the transfer characteristic of the
interconnect. If the frequency spectrum of the input pulse
spreads over the resonance frequency, the frequency com-
ponents around the resonance frequency are expected to af-
fect the waveform at the far-end. If the resonance frequency
is higher than the significant frequency, the frequency com-
ponents around the resonance frequency are small because
almost all of the frequency components concentrate in the
range from DC to the significant frequency.

Figure 7 shows the frequency spectrum of the wave-
form at the far-end in the case that trapezoidal pulses with
various transition time 7, are injected to the near-end of the
interconnect shown in Fig. 6. The transition time ¢, is var-
ied from 10 ps to 50 ps, and hence the significant frequency
changes from 34 GHz to 6.8 GHz. The resonance frequency
is 7.5 GHz. In this case, the significant frequency is nearly
equal to or higher than the resonance frequency. The fre-
quency spectrum has a unique peak at the resonance fre-
quency even if the signal transition time #; is changed. This
result indicates the frequency component at the resonance
frequency is an important factor which determines the wave-
form at the far-end of the interconnect. Reference [11] re-
ports that the resonance frequency is suitable for the extrac-
tion frequency of open-ended uniform transmission-lines
without branches. However, on-chip interconnects is not
uniform and have branches. If the interconnect is branch-
ing, the transfer characteristic from the driver to one re-
ceiver is not the same as that from the driver to the other
receiver. Therefore the method in Ref. [11] is not applicable
to branching wire directly.

3.2 Flow of the Proposed Method

This section proposes a method to determine the extraction
frequency based on the transfer characteristic. Figure 8 is
the conceptual diagram of the proposed method. Intercon-
nects are divided into segments at the branch points or dis-
continuous points and considered as a tree such that the root
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Fig.8 Conceptual diagram of the proposed method.

node is the output of the driver and the input of the receiver
is the leaf node. The proposed method determines the ex-
traction frequencies for each segment from leaf to root by
replacing the downstream branches with the equivalent load
impedances.

Assumptions of the Proposed Method

The proposed method determines the extraction frequency
from the topology of interconnects and the length of each
segment. The velocity of electromagnetic wave v is assumed
to be known and a constant value. In LSIs, this assumption
is valid because the velocity v depends on the relative di-
electric constant g, and it is constant in the same fabrication
process. The significant frequency f;; is also assumed to be
known. As described in following step, the significant fre-
quency is used as the upper limit of the extraction frequency.
Additionally, the characteristic impedances of each segment
are assumed to have the same value. Strictly speaking, this
assumption is not correct. However in LSIs, the characteris-
tic impedance of on-chip interconnects does not vary drasti-
cally even if the interconnect structure changes. The typical
value of co-planar structures is from 50Q to 100Q. The
following section experimentally verifies that these assump-
tions are reasonable.

Step 1. Determine the Extraction Frequency for Terminal
Segments

If the length of the segment and the load impedance are
known, the frequency fi.s at which the transfer character-
istic of the segment becomes maximum can be determined
from Eq. (3). The resonance frequency fi.s depends on the
length of the segment and the load impedance. Generally,
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as short the segment is, the extraction frequency becomes
higher. The frequency fi.s can be too high frequency to use
as an extraction frequency. If the frequency component of
the input is too small at the frequency, extracting at the fre-
quency at which the transfer characteristic becomes maxi-
mum is meaningless. Therefore an upper limit of the ex-
traction frequency should be used. As mentioned so far, the
significant frequency f;e is defined as the frequency that the
85% of all the energy is included from DC to fs. In the
case that the resonance frequency is higher than significant
frequency, the frequency components around the resonance
frequency are small and hardly affect the waveform at the
far-end. It is reasonable to use the significant frequency as
the upper limit of the extraction frequency. Extraction fre-
quency fproposed 18 expressed as

fproposed = min (fres, fsig) . “4)

Reference [11] reports the case of open-ended uniform
transmission-lines. In CMOS circuits, the input capacitance
of the gates is small and the segments connected to the re-
ceiver are assumed as an open-ended transmission-line. The
extraction frequencies of these open-ended branches are the
frequency where the quarter wavelength is equal to the in-
terconnect length. When the length of a segment is /, the
resonance frequency frs is v/4l. The method in Ref.[11]
is not applicable to interconnects which have a large ca-
pacitive load or a resistive termination because Ref. [11] as-
sumes open-ended transmission-lines. By using Eq. (3), the
proposed method can be applied to the interconnects that
cannot be regarded as open-ended transmission-lines.

Step 2. Replacing Terminal Segments with Equivalent Load
Impedances

At step 1, the extraction frequencies of terminal segments
are decided. To decide the extraction frequencies of the
preceding segments, the segments whose extraction fre-
quency is already decided are replaced with equivalent load
impedances. This step corresponds to Fig. 8. II. By replac-
ing with the equivalent load impedance, the extraction fre-
quency can be calculated by Eq. (3). For example, in Fig. 8,
the extraction frequency for the segment B-C by replacing
the segment C-E and C-F are determined by using the equiv-
alent load impedances.

The load impedance of a certain segment is the input
impedance of the downstream branches. For example, the
load impedance of the segment B-C in Fig. 8 is the input
impedance of the segment C-E and the segment C-F. As
shown in Fig.8. II, the input impedance of transmission-
lines can be modeled by a RLC series resonator circuit
whose resonance frequency is equal to fi.s. The resistance is
ignored because the proposed method needs only the reso-
nance frequency. The input impedance of a certain segment
is expressed as

Zin = % &)

jtan (‘“T)
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where I is equivalent length defined as I’ = v/4f.s. The
derivation of Eq.(5) is described in Appendix. The char-
acteristic impedances Z, of each segment are assumed to
be the same. Therefore the value of the inductance L and
the capacitance C are determined from the characteristic
impedance Z; and the resonance frequency f.s. This means
that once the resonance frequency f.s is calculated, the
equivalent load impedance is uniquely determined.

Figure 9 shows an example of transfer characteristic
estimated by Eq. (3) and the equivalent load impedance de-
fined by Eq. (5). Figure 9 is the voltage gain between node A
and node B. The interconnect topology is a branching wire
as shown in Fig. 9. The solid line is the transfer characteris-
tic by SPICE AC analysis. The dashed line labeled “Simula-
tion with equivalent load” is the result of SPICE simulation
using the equivalent load, and the dashed line labeled “for-
mula” is that by Eq. (3) with the equivalent load impedance.
The resonance frequency fopen When the segment A-B is as-
sumed as open-ended is 37.5 GHz. As shown in Fig. 9, the
transfer characteristic estimated by Eq. (3) with equivalent
load impedance is valid to estimate the peak of the transfer
characteristic. On the other hand, the frequency fopen be-
comes antiresonance frequency on the segment A-B and the
transfer characteristic at fopen becomes minimum. This re-
sult shows that the load impedance has to be considered to
estimate the first peak frequencies of the transfer character-
istic. From the above discussion, the transfer characteristic
can be estimated by Eq. (3) with equivalent load impedance
by Eq. (5).

By replacing the terminal segments with equivalent
load impedance, the terminal segments are eliminated and
other segments become terminal segments. We can return to
step 1 and determine the extraction frequency for new termi-
nal segments. The proposed method determines extraction
frequencies for each segment by iterating the step 1 and step
2.

4. Experimental Results

This section demonstrates experimental results. The exper-
imental results of two major interconnect topology, H-tree
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and stub-bus are shown. Then the statistics of experimental
results in various situations are shown.

4.1 H-Tree Topology

First the result of H-tree is shown. Figure 10 shows the
topology of the H-tree. As shown in Fig. 10, the cross sec-
tion of interconnects are co-planar structure. The detail of
the structure is shown in Fig. 1. The segments A-B, B-C
and B-D have the same structure that signal wire width W
is 10 um, ground wire width Wy is 4 um, spacing between
wires S is 2um and the thickness of wire T is 1 um. The
other segments, C-E, C-F, D-G and D-H, have the structure
that Wy = 4um, Wy = 4um, § = 2pym and T = 1pum.
The input transition time #, is set to 10ps and the output
impedance of the driver is set to 50 Q.

The frequency determination process is shown step by
step. First, the segments C-E, C-F, D-G and D-H are con-
nected to the receiver. Thus these segments are assumed
as open-ended and the resonance frequency fi.s = v/4l =
37.5 GHz. However the significant frequency fs is calcu-
lated to 0.34/(10 x 107'2) = 34 GHz. Therefore the extrac-
tion frequency of these segments is 34 GHz. From Eq. (5)
and the extraction frequency 34 GHz, the equivalent load
impedance is expressed as

Zoy
jtan ( wlvﬁ)
Since the segment C-E is open-ended, the equivalent length

ltg 1s equal to the actual length (1 mm). For the segments
B-C and B-D, the voltage gain is expressed as

Vout _ 1

Vin  cos (wlpc/v) — 2 tan (il /v) sin (wlpc/v)

(6)

(7

where /gc is 2mm. From above expression, the extraction
frequency for the segments B-C and B-D is calculated to
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Table1  Extracted characteristics of segment A-B in H-tree.
Ext. frEq. R[Q] L[nH] C[pFl Zy[Q]
DC 4.95 0.371 0.126 54.3
Proposed (3.9 GHz) 5.65 0357  0.126 53.1
fsig (34 GHz) 10.83 0.309  0.126 49.5
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Fig.11  Waveform at the node E of H-tree.
Table 2  Errors in the delay time and the transition time on H-tree (node
E).
Extraction delay transition time
Frequency [ps]  error [%] [ps] error [%]
FD 54.9 — 76.3 —
DC 50.0 -8.9 73.2 —4.1
Proposed 54.7 -0.4 79.6 43
Jig 68.6 249 | 108.7 424

10GHz. In a similar way, the extraction frequency for the
segment A-B is 3.9 GHz.

Table 1 shows the extracted RLC and characteristics
impedance of segment A-B. As the extraction frequency be-
comes higher, the resistance increases and the inductance
decreases. The resistance extracted at the significant fre-
quency is 2.2 times larger than that of DC. The induc-
tance extracted at the significant frequency is about 83%
of the inductance at DC. The difference in the character-
istic impedance between the significant frequency and DC
is about 9%. Figure 11 shows the waveform at the node E.
The RLC ladder model extracted at DC and the proposed
frequency is almost the same as the result of frequency-
dependent model. When the ladder extracted at fg;s is used,
the waveform differs from that of the frequency-dependent
model. The extraction at the fg, estimates the resistance
too large, so the attenuation on the interconnect is overesti-
mated. Table 2 shows the signal propagation delay time and
the transition time at the node E. The error is calculated by
assuming that the result of FD is reference data. The ladder
extracted at fg, causes large error, 25% in delay and 42%
in transition time. The extraction at DC also causes about
9% error in delay. The ladder extracted at the proposed fre-
quency provides the most accurate modeling.

Fig.12  Stub-bus topology.
A _67GHz g 7.6GHz c_115GHz p, 17.9GHz g
34GHz g 34GHzY G  34GHzZ{H 34GHz7]|
Fig.13  Extraction frequencies by the proposed method.
Table3  Extracted characteristics of segment A-B in the stub-bus.
Ext. frEq. R[Q] L[H] C[pFl Zy[Q]
DC 3.33 0380  0.133 535
Proposed (6.7 GHz) 5.15 0326  0.133 49.6
fsig (34 GHz) 9.21 0.291 0.133 46.8
1 INPUT i} _
PRy > <
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Fig.14  Waveform at the node I of stub-bus.

4.2 Stub-Bus Topology

Here the experimental result of stub-bus structure is shown.
Figure 12 shows the interconnect topology. The bus line A-
B-C-D-E is a fat wire that the signal width Wg = 10 um, the
ground width Wy = 10 um and the spacing S = 2um. The
stubs are short and thin wires, that Wy = 1 um, Wy = 1 um
and § = 2 um. The driver output impedance is 50 Q2 and the
transition time of input is 10 ps.

The extraction frequencies by the proposed method are
determined as shown in Fig. 13. The extraction frequency of
the stubs is fi, = 34 GHz because the stub is short and its
resonance frequency is 375 GHz.

Table 3 shows the extracted RLC and characteristics
impedance of segment A-B. The resistance extracted at the
significant frequency is 2.8 times larger than that of DC. The
inductance extracted at the significant frequency is about
77% of the inductance at DC. The difference in the char-
acteristic impedance between the significant frequency and
DC is about 13%. Figure 14 shows the waveform at the node
I and Table 4 shows the errors in delay and transition time.
The ladder model extracted at DC or significant frequency
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Table 4  Errors in the delay time and the transition time on stub-bus
(node I).
Extraction delay transition time
Frequency [ps]  error [%] [ps]  error [%]
FD 345 — | 195 —
DC 37.3 8.1 6.8 —65.4
Proposed 353 23 | 212 8.7
fsig 35.3 2.3 | 40.6 108.2
Table 5  Statistical summary of overall experiments.
Extraction delay transition time
Frequency | Max. error > 5%* | Max. error > 5%"
DC -88.1% 11.5% -719% 278 %
proposed -9.9 % 5.4 % -98% 125 %
feig 1100% 122 % 1603 % 352 %

(* : The ratio of the experiments that the error is over 5%.)

causes serious error especially in signal transition time. As
shown in Fig. 14, DC extraction underestimates the attenu-
ation and f;;, overestimates. DC extraction also causes 8%
error in delay because the extraction at DC causes estima-
tion error in phase velocity. On the other hand, the RLC
ladder by the proposed method provides accurate modeling
of frequency-dependent interconnect.

4.3 Results of Overall Experiments

The proposed method is evaluated under various conditions
for verification. This section shows the statistical summary
of all experiments. The topology of net, lengths of each seg-
ment, interconnect structure, driver size and transition time
of input are changed. The number of segments in one net
is varied from 1 to 5. As mentioned in Sect. 3.2, the pro-
posed extraction frequency becomes the same as the sig-
nificant frequency fi, when the wire is short. We selec-
tively evaluate the region where the proposed frequency is
different from the significant frequency. Thus the length of
segments is 200 ym, 500 um, 1 mm, 2 mm, 3 mm, 4 mm or
Smm. In this experiments, the main cause of frequency-
dependence is the skin- and proximity-effect. If the wire is
narrow, the skin- and proximity-effect is not significant and
the frequency-dependence is negligible. We evaluate a co-
planar structure and the wire width is set to relatively large
values. The signal width Wy and ground width are 1um,
4um or 10 um and the spacing S is 2um, 4 um or 8 um.
The output impedance of the driver is changed from 25 Q,
50Q, 75Q or 100 Q. The transition time of input pulse is
changed from 10 ps, 30 ps, or 100 ps. By changing those pa-
rameters, 9,545 patterns of net and the waveforms at 43,199
nodes are evaluated in total.

Table 5 shows the summary of overall experiments. Ta-
ble 5 contains the maximum error in delay time and tran-
sition time (rows of “Max. error”), and the ratio of nodes
where the error is over 5% (rows of “> 5%”). The ladder
extracted at DC tends to underestimate the delay and tran-
sition time, and the ladder extracted at significant frequency
fsig overestimates. In the case of the ladder extracted at DC,
the error in delay exceeds 5% at the 12% of all nodes and
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the maximum error is —88.1%. In transition time, the er-
ror at 28% of nodes exceeds 5% and the maximum error is
—71.9%. In the case of significant frequency, the error in de-
lay at about 12% of all nodes is over 5% and the maximum
is 110.0%, and the error in transition time at about 35% of
all nodes is over 5% and the maximum is over 160%. Those
errors are serious problem for evaluating the circuit behav-
ior, such as timing analysis. On the other hand, the proposed
method achieves the error less than 10% in both delay and
transition time. The results above confirm the RLC ladder
extracted at the proposed frequency provides accurate mod-
eling of frequency-dependent interconnects.

5. Conclusion

The frequency that should be used to extract RL values is
discussed. When frequency-independent equivalent circuits
are used for circuit design, the extraction frequency must
be carefully determined to maximize the fidelity in inter-
connect characteristics. This paper proposes an RL extrac-
tion scheme that uses the frequency determined by intercon-
nect length. The proposed method is experimentally ver-
ified that the proposed method achieves the most accurate
estimation in signal propagation delay and transition time.
The maximum error is within 10% in delay and in transi-
tion time in our experiments. With the proposed represen-
tative frequency, we can determine a suitable extraction fre-
quency and improve the modeling accuracy of frequency-
independent models. The proposed method is useful es-
pecially in the early stage of circuit design. The proposed
method also helps the interconnect design because the pro-
posed method indicates which frequency is important for
signal propagation.
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Appendix: Derivation of Eq. (5)
At the resonance frequency, the transmission-line can be ex-
pressed by a series resonator shown in Fig. A- 1.

The input impedance of the equivalent circuit Zi, equiv
is expressed as

L'1-o’L'C
Zin, equiv = 5 W,
_]0) ’ ’

where L' = 2Ll'/n, C' = 2Cl'/m and I’ = v/4 fs. Since the
characteristic impedance Zj is equal to vL/C and the veloc-
ity of electromagnetic wave v is expressed as v = 1/ VLC,
Eq. (A- 1) is rewritten as

(A1)

Zin, equiv = Zo = - - (A-2)

I

transmission-line
Fig.A- 1

equivalent circuit

Equivalent series resonator of a transmission-line.

3593

Akira Tsuchiya received the B.E., M.E.
and Ph.D. degrees in Communications and
Computer Engineering from Kyoto University,
Kyoto, Japan, in 2001, 2003, and 2005, respec-
tively. Since 2005, he was an Instructor in De-
partment of Communications and Computer En-
gineering, Kyoto University. His research in-
terest includes modeling and design of on-chip
high-performance interconnects. He is a mem-
ber of IEEE and IPSJ.

Masanori Hashimoto received the B.E.,
M.E. and Ph.D. degrees in Communications and
Computer Engineering from Kyoto University,
Kyoto, Japan, in 1997, 1999, and 2001, respec-
tively. Since 2001, he was an Instructor in De-
- partment of Communications and Computer En-
gineering, Kyoto University. Since 2004, he

has been an Associate Professor in Department
¥ of Information Systems Engineering, Graduate

School of Information Science and Technology,

Osaka University. His research interest includes
computer-aided-design for digital integrated circuits, and high-speed cir-
cuit design. He is a member of IEEE, ACM and IPSJ.

.
-~

-
o
_—
"
y

Hidetoshi Onodera received the B.E., M.E.,
and Dr. Eng. degrees in Electronic Engineering
from Kyoto University, Kyoto, Japan, in 1978,
1980, 1984, respectively. Since 1983 he has
been an Instructor (1983-1991), an Associate
Professor (1992-1998), a Professor (1999-) in
the Department of Communications and Com-
puter Engineering, Graduate School of Infor-
matics, Kyoto University. His research in-
terests include computer-aided-design for inte-
grated circuits, and analog and mixed analog-
digital circuits design. He is a member of the IPSJ, ACM and IEEE.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


